Laminin, an extracellular matrix protein, is widely expressed in the central nervous system (CNS). By interacting with integrin and non-integrin receptors, laminin exerts a large variety of important functions in the CNS in both physiological and pathological conditions. Due to the existence of many laminin isoforms and their differential expression in various cell types in the CNS, the exact functions of each individual laminin molecule in CNS development and homeostasis remain largely unclear. In this review, we first briefly introduce the structure and biochemistry of laminins and their receptors. Next, the dynamic expression of laminins and their receptors in the CNS during both development and in adulthood is summarized in a cell-type-specific manner, which allows appreciation of their functional redundancy/compensation. Furthermore, we discuss the biological functions of laminins and their receptors in CNS development, blood-brain barrier (BBB) maintenance, neurodegeneration, stroke, and neuroinflammation. Last, key challenges and potential future research directions are summarized and discussed. Our goals are to provide a synthetic review to stimulate future studies and promote the formation of new ideas/hypotheses and new lines of research in this field.
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I. INTRODUCTION
Extracellular matrix (ECM) coverage is fundamental for appropriate organization and functioning of various tissues (Naba et al., 2016) . One unique form of the ECM is the basement membrane (BM), an amorphous layer located at the interface of the circulation system and the central nervous system (CNS) (Hallmann et al., 2005; Domogatskaya, Rodin & Tryggvason, 2012; Thomsen, Routhe & Moos, 2017) . Although the composition of the BM varies depending on tissue type and developmental stage (Miner et al., 2004) , four major components (laminin, type IV collagen, nidogen, and heparin sulfate proteoglycans) are found ubiquitously in all types of BM at any stage (Frantz, Stewart & Weaver, 2010) . Among these components, only laminin is absolutely required for the assembly/formation of the BM (Smyth et al., 1998 (Smyth et al., , 1999 Miner et al., 2004; Alpy et al., 2005; Miner, 2008; Urbano et al., 2009; Yao, 2017) . By interacting with its receptors, laminin mediates a large variety of signalling pathways between the BM and adjacent cell layers. Evidence shows that laminin plays critical roles in a wide range of functions, including cell adhesion, cell migration, cell differentiation, neurite outgrowth, intracellular metabolism, and phenotype stability (Miner et al., 2004; Schéele et al., 2007; Domogatskaya et al., 2012) . The diverse and complex biological activities of laminin make it an important and interesting research area. This review summarizes the expression and functions of various laminin isoforms and their receptors in the CNS under both physiological and pathological conditions.
II. LAMININS
Laminins are a large family of trimeric proteins composed of α, β and γ subunits (Durbeej, 2010; Yao, 2017) . So far five α, four β, and three γ subunits have been identified in mammals (Miner et al., 2004) . Different combinations of these subunits generate a large number of laminin isoforms. These laminins were originally named using Arabic numbers based on the order of their discovery. A new nomenclature system that defines laminins by their chain composition has since been developed and widely used (Aumailley et al., 2005; Yao, 2017) . Table 1 summarizes 20 laminin isoforms that have been either identified in mammals or proposed based on experimental data (Durbeej, 2010; Yao, 2017) . Structurally, each laminin subunit contains various globular domains and epidermal growth factor-like (LE) domains in the N-terminus, followed by a coiled-coil domain (Domogatskaya et al., 2012; Aumailley, 2013; Yao, 2017) . Unique to all laminin α subunits is a C-terminal end composed of five laminin globular (LG) domains (Yao, 2017) . Compared to other subunits, laminin α3A and α4 are devoid of the N-terminal globular domain (LN) and have an extremely short N-terminus (Kallunki et al., 1992; Yao, 2017) . These subunits are assembled via their coiled-coil domains in the endoplasmic reticulum to form a T-or cruciform-shaped molecule (Yurchenco & Wadsworth, 2004; Tzu & Marinkovich, 2008) (Fig. 1 ). Once secreted, laminin self-polymerizes and interacts with other ECM proteins, such as nidogen and heparin sulfate proteoglycans, to form the BM (Li et al., 2005; Hamill et al., 2009) . It has been demonstrated that laminin self-polymerization is dependent on the N-terminal domains (Schittny & Yurchenco, 1990; Yurchenco & Cheng, 1993; Colognato-Pyke et al., 1995; Garbe et al., 2002) . For detailed information about laminin self-polymerization and BM assembly, see Cheng et al. (1997) and Hohenester & Yurchenco (2013) . Here we focus on the expression and functions of laminins and their receptors in the CNS.
III. LAMININ RECEPTORS
Laminin exerts its functions by binding to transmembrane receptors, which link ECM to intracellular components and transmit both inside-out and outside-in signals.
Laminin receptors are broadly categorized into integrin and non-integrin receptors. The C-terminal LG domains serve as a common binding site for these receptors (Sasaki, Fassler & Hohenester, 2004; Domogatskaya et al., 2012; Aumailley, 2013) .
(1) Integrin receptors
Integrins are a family of heterodimeric transmembrane receptors, consisting of two non-covalently bound α and β chains. Currently, 18 α-and 8 β-integrin chains are known, and at least 25 distinct αβ heterodimers have been identified (Caswell, Vadrevu & Norman, 2009 ). These integrin heterodimers have different affinities for different ECM proteins. For example, integrin-α1β1, -α2β1, -α10β1, and -α11β1 primarily serve as collagen receptors, whereas integrin-α4β1, -α5β1, -αVβ1, and -αVβ3 have a high affinity for fibronectin (Hynes, 2002; Humphries, Byron & Humphries, 2006; Campbell & Humphries, 2011; Loeser, 2014) . The classical laminin-binding integrins include α3β1, α6β1, α7β1, and α6β4 (Wu & Reddy, 2012; Aumailley, 2013) . It should be noted that laminin interaction with non-classical laminin-binding integrins, including α1β1, α2β1, and αVβ8, has also been reported in the CNS (Wu & Reddy, 2012) . Therefore, we focus on integrin-α1β1, -α2β1, -α3β1, -α6β1, -α7β1, -α6β4, and -αVβ8 herein. The integrin binding site on laminin has been mapped to the C-terminal LG1-3 domains (Sonnenberg, Modderman & Hogervorst, 1988) . Upon laminin engaging, integrins activate various signalling pathways to regulate a diverse range of functions, including cell growth, migration, differentiation and survival (Bokel & Brown, 2002) . Which signalling pathways are activated through integrins varies depending on many factors, including cell types and pathological conditions. Nevertheless, some key molecules are found to be important in the formation of signalling complexes both into and out of cells. For example, focal adhesion kinase (FAK)-steroid receptor coactivator (Src), mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK), and phosphatidylinositol 3-kinase (PI3K)-protein kinase B (Akt) pathways are involved in integrin-mediated outside-in signalling (Zent & Pozzi, 2010; Shen, Delaney & Du, 2012) , whereas inside-out signalling involves binding of talin and kindlin to the cytoplasmic domains of integrin β subunits, which activates the ligand-binding function of integrins (Tadokoro et al., 2003; Moser et al., 2008; Kim, Ye & Ginsberg, 2011) . It should be noted that integrin expression in the CNS varies depending on developmental stage and physiological/pathological conditions (Paulus et al., 1993; Sixt et al., 2001; Milner & Campbell, 2002b; Wang & Milner, 2006) . Thus, it is important to specify this information when describing integrin expression.
(2) Non-integrin receptors
Many non-integrin receptors for laminin have been reported, such as dystroglycan, syndecan, the Lutheran antigen, and melanoma cell adhesion molecule (Salmivirta et al., 1994; Woods & Couchman, 1994; Hall et al., 1997; Matsumura et al., 1997; Shimizu et al., 1999; Parsons et al., 2001; Li et al., 2003; Flanagan et al., 2012) . The majority of these non-integrin receptors bind to laminin LG4-5 domains (Aumailley, 2013) . Among these non-integrin receptors, dystroglycan is the best studied and thus our focus herein. Dystroglycan is a heterodimeric receptor composed of an extracellular α subunit and a transmembrane β subunit. The α-dystroglycan subunit binds to the LG4-5 domains of various laminin α subunits (Henry & Campbell, 1999; Winder, 2001; Hao & Talts, 2003) , while the spanning β-dystroglycan subunit is involved in signal transduction into and out of cells (Moukhles & Carbonetto, 2001 ). The functional significance of laminin-α -dystroglycan interaction is well documented in muscle physiology (Gawlik & Durbeej, 2011; Holmberg & Durbeej, 2013) . In the CNS, dystroglycan expression is also detected in synapses and cerebral microvasculature (Moukhles & Carbonetto, 2001; Zaccaria et al., 2001; Menezes et al., 2014) , suggesting important roles of dystroglycan in synaptogenesis and vascular integrity.
IV. EXPRESSION OF LAMININS AND THEIR RECEPTORS IN THE CNS
Although almost all laminin subunits are found in the CNS, their expression is cell-type specific and highly dependent on developmental stage. In the CNS, laminin is detected predominantly in the BM. Below, we summarize the expression of laminin subunits (Table 2) and their receptors (Table 3) in the CNS both during development and in adulthood.
(
1) Expression of laminins and their receptors during CNS development
The expression profiles of laminins and their receptors in developing brain come from human foetal and mouse embryonic studies. Laminin-111 is expressed throughout the CNS during early mouse embryo development (Liesi, 1985; Liesi & Silver, 1988) . These laminin subunits were also detected in the floor plate of embryonic spinal cord in humans (Wiksten et al., 2003) . In cerebellum, laminin-α1, -α3 and -γ 3 have been identified (Kallunki et al., 1992; Vuolteenaho et al., 1994; Galliano et al., 1995; Li et al., 2012b) . In vitro studies revealed that human foetal brain tissue expressed the majority of laminin subunits (Liesi, Fried & Stewart, 2001) . It should be noted that contradictory results exist on whether laminin-β3 is expressed in the CNS at the embryonic stage (Liesi et al., 2001; Wiksten et al., 2003) . Laminin α chains also have five LG domains (LG1-5) at the C-terminus. These three chains are assembled together via their coiled-coil domains, to form a cross-or T-shaped molecule. L4/LF, laminin IV; LE, laminin epidermal growth factor-like; LG, laminin globular; LN, laminin N-terminal.
Further analyses revealed distinct distributions of various laminin subunits in different CNS regions and/or cell types. For example, laminin α1 is expressed in cerebellum, neuroretina, olfactory bulbs (Vuolteenaho et al., 1994) , meninges (Vuolteenaho et al., 1994; Miner et al., 1997; Sasaki et al., 2002) and cortical plate (Lathia et al., 2007) . Like laminin-α1, laminin-α2 is also detected in meninges (Vuolteenaho et al., 1994; Miner et al., 1997; Sasaki et al., 2002) and cortical plate (Lathia et al., 2007) . In addition, laminin-α2 is also expressed in choroid plexus (Kallunki et al., 1992; Vuolteenaho et al., 1994) , dorsal root ganglia (Miner et al., 1997) and ventricular region (Campos et al., 2004) . Laminin-α3 is highly expressed in neuroectoderm, trigeminal nerve and cerebellum (Galliano et al., 1995) . Like laminin-α2, a high level of laminin-α4 is detected in dorsal root ganglia (Miner et al., 1997) , cortical plate (Lathia et al., 2007) and endothelial cells (Frieser et al., 1997) . In addition, laminin-α5 expression is predominantly found in the neural folds (Copp et al., 2011) and cortical plate (Lathia et al., 2007) . Laminin-γ 1, the most common γ subunit, is widely expressed in the CNS. Its expression has been found in neural folds (Copp et al., 2011) , endoneurium/neuroectoderm (Gersdorff et al., 2005; Copp et al., 2011) , BM and pia (Sixt et al., 2001; Hallmann et al., 2005; Kallunki et al. (1992) and Vuolteenaho et al. (1994) Veins and small-diameter capillaries Li et al. (2012b) & Sorokin, 2013; Di Russo et al., 2016; Hannocks et al., 2017) . Unlike laminin-γ 1 chain, restricted expression of laminin-γ 2 and -γ 3 subunits are observed in the CNS. For instance, laminin-γ 2 is mainly expressed in epithelial cells (Sugiyama et al., 1995) , and laminin-γ 3 expression is detected in cerebellar pia (Li et al., 2012b) and retinal vascular BM (Gersdorff et al., 2005; Li et al., 2012b) . A recent study also examined laminin composition in embryonic brain during neural tube development and identified a unique distribution pattern of various laminin subunits (Copp et al., 2011) . For example, among all α subunits, laminin-α1, -α3, and -α5 are widely expressed at high levels in developing brain (Copp et al., 2011) . Consistent with these results, laminin-111 and -511 have been identified as the earliest trimeric laminin isoforms expressed during mammalian embryogenesis (Li et al., 2003) .
In accordance with laminin expression, a large variety of integrins are found in developing brain (Lathia et al., 2007) . It has been reported that integrin-β1 is highly expressed in neural stem cells (Campos, 2005; Flanagan et al., 2006; Hall et al., 2006; Pruszak et al., 2009; Prowse et al., 2011) . Many integrin α subunits, including α3 (Flanagan et al., 2006; Prowse et al., 2011) , α6 (Flanagan et al., 2006; Hall et al., 2006; Prowse et al., 2011) , α7 (Flanagan et al., 2006; Prowse et al., 2011) and possibly α2 (Flanagan et al., 2006; Prowse et al., 2011) , have been identified in these cells. In addition, integrin-αv (Nishimura et al., 1998; McCarty et al., 2005) and -β8 (Nishimura et al., 1998; Proctor et al., 2005) are found in neural progenitor cells in developing brain.
(2) Expression of laminins and their receptors in adult CNS
Laminin is expressed in almost all cell types in the adult CNS. Each cell type, however, makes different laminin isoforms and distinct laminin receptors. Here, we summarize the expression of laminin isoforms and their receptors in different cells in the CNS.
(a) Brain microvascular endothelial cells
Brain microvascular endothelial cells (BMECs) are a major component of the blood-brain barrier (BBB) (He et al., 2014; (Fig. 2 ). Compared to peripheral endothelial cells, BMECs have several unique features that confer their barrier property. For example, BMECs have less pinocytotic vesicles/fenestrations and express high levels of tight junction proteins at intercellular spaces (Kniesel & Wolburg, 2000; Bazzoni & Dejana, 2004) , which reduce transcellular and paracellular permeability, respectively. Previous studies have shown that BMECs primarily express laminin-411 and -511 (Sixt et al., 2001; Yousif et al., 2013; Di Russo et al., 2016) , which contribute to the formation of endothelial BM (Fig. 2) . Laminin-α4 and -α5, however, show different spatial and temporal expression patterns. Specifically, laminin-α4 is expressed ubiquitously along the vascular tree in all types of blood vessels, whereas laminin-α5 demonstrates a patchy distribution pattern in post-capillary venules (Yousif et al., 2013) . In addition, laminin-α4 expression starts in early embryonic stages, while laminin-α5 is not expressed until after birth (Yousif et al., Tawil et al. (1990) and Tomaselli et al. (1990) Integrin α2 Belkin & Smalheiser (1996) , Shimizu et al. (1999) , Tian et al. (1996) and Uchino et al. (1996 ) Astrocytes Agrawal et al. (2006 ), del Zoppo & Milner (2006 , Milner et al. (2008b) and Tian et al. (1996 ) Neurons Smalheiser & Kim (1995 and Zaccaria et al. (2001 ) Oligodendrocytes Colognato et al. (2007 and Leiton et al. (2015) Fig . 2013). These results suggest that laminin-411 and -511 may have distinct functions. Recently, laminin-γ 3 expression has been found in the BM of CNS but not peripheral blood vessels (Li et al., 2012b) . Unlike laminin-γ 1, which is expressed ubiquitously throughout the vascular tree, laminin-γ 3 shows a limited distribution pattern: predominantly in veins and small-diameter capillaries (Li et al., 2012b) . It should be noted that the cellular source of laminin-γ 3 remains to be determined. Mounting evidence shows that endothelial cells mainly express integrin-α3β1 (Kikkawa et al., 2000; Fujiwara et al., 2001; Carlson et al., 2008; Lei et al., 2008; Di Russo et al., 2016) , -α6β1 (Kikkawa et al., 2000; Fujiwara et al., 2001; Carlson et al., 2008; Lei et al., 2008; Di Russo et al., 2016) and -α6β4 (Kikkawa et al., 2000) under normal conditions, although integrin-α2 expression is also reported (Paulus et al., 1993) . Under pathological conditions, however, not only are the expression levels of these integrins altered, new integrin heterodimers, including αv-integrins, are induced in endothelial cells (Friedlander et al., 1996; Okada et al., 1996; Abumiya et al., 1999; Milner et al., 2008a) . Whether endothelial cells express dystroglycan is controversial. On one hand, absence of dystroglycan was reported in BMECs (Tian et al., 1996) and vascular staining of dystroglycan was suggested to emanate from smooth muscle cells (SMCs) . On the other hand, dystroglycan expression was reported in cultured endothelial cells (Belkin & Smalheiser, 1996) and endothelial cells from human brain blood vessels (Uchino et al., 1996; Shimizu et al., 1999) . This discrepancy may be explained by different experimental conditions and models.
(b) Astrocytes
Astrocytes are the most abundant cells in the brain. By wrapping endothelial cells and pericytes with their endfeet, astrocytes also participate in the regulation of BBB integrity (Sofroniew & Vinters, 2010) (Fig. 2) . Previous studies have shown that astrocytes predominantly produce laminin-211 (Menezes et al., 2014; Hannocks et al., 2017) , which contributes to the formation of parenchymal BM (Fig. 2) .
Accumulating evidence demonstrates that astrocytes mainly express integrin-α1β1 (del Zoppo & Milner, 2006; Tawil, Wilson & Carbonetto, 1993) , -α6β1 (Tawil et al., 1993) , -αvβ8 (Hirsch et al., 1994; Nishimura et al., 1998; Milner et al., 1999; Milner, Relvas & Fawcett, 2001) , and possibly -α2β1 and -α3β1 (Paulus et al., 1993) . Additionally, restricted expression of integrin-α6β4 (del Zoppo & Milner, 2006; Tawil, Wilson & Carbonetto, 1994; Wagner et al., 1997) and dystroglycan (Agrawal et al., 2006; del Zoppo & Milner, 2006; Milner et al., 2008b; Tian et al., 1996) has also been identified in astrocytic endfeet.
(c) Pericytes
Mural cells are perivascular cells, which include pericytes and SMCs. Unlike SMCs, which reside in large blood vessels, pericytes cover capillaries (Dore-Duffy, 2008; Armulik, Genove & Betsholtz, 2011) . Anatomically, pericytes are sandwiched between endothelial cells and astrocytic endfeet and embedded in laminin-rich BM (Armulik et al., 2011) (Fig. 2) . In a previous study, laminin-α2 mRNA was detected in pericytes by next-generation sequencing (RNAseq) (Vanlandewijck et al., 2018) . In addition, laminin-α4, -α5, -β1, -β2, and -γ 1 were detected in pericytes at mRNA level in an endothelial cell-pericyte co-culture system (Stratman et al., 2009) . At protein level, laminin-α4 and -γ 1 were detected in primary pericytes (Stratman et al., 2009) . Consistent with these data, our unpublished data demonstrate that primary brain pericytes express laminin-α4 and -α5, but not laminin-α1 or -α2. These results suggest that pericytes predominantly synthesize α4-and α5-containing laminins.
Pericytes mainly express β1-containing integrins, including α1β1, α2β1, α3β1, and α6β1 (Silva et al., 2008) . Consistent with these data, integrin-α1∼α3 and -α6 are found in cultured CNS pericytes at mRNA level (Stratman et al., 2009) . At protein level, expression of integrin-α2 , -α6 (Reynolds et al., 2017) , and -β1 (Abraham et al., 2008; Turlo et al., 2012) in pericytes/SMCs has been reported. In addition, there is also evidence showing that pericytes synthesize integrin-α7 (Flintoff-Dye et al., 2005; Silva et al., 2008) .
(d) Neurons
Neurons act as a cellular source for laminin (Powell & Kleinman, 1997; Yin et al., 2003) . Laminin-α2 expression has been reported in neuronal processes in the limbic system in both rats and rabbits (Hagg et al., 1997) . Laminin-γ 1 is detected in hippocampal neurons (Grimpe et al., 2002) and dopaminergic neurons in substantia nigra and ventral tegemental area (Väänänen et al., 2006) . In addition, laminin-511 expression has been reported in neurons from hippocampus and dentate gyrus at both mRNA and protein levels (Chen & Strickland, 1997; Indyk et al., 2003; Omar et al., 2017) . In contrast to these studies, Yin et al. (2003) failed to detect laminin α subunits in neurons utilizing the βgeo gene-trapping technique, although neuronal expression of laminin-β1 and -γ 1 was confirmed. Similarly, no laminin expression was found in neurons by in situ hybridization (Senior et al., 1988) . This discrepancy may be explained by different experimental techniques and sensitivity.
Both in vitro and in vivo studies show that neurons express a large variety of integrin receptors, including α1β1 (Tawil et al., 1990; Tomaselli et al., 1990 ; Choi et al., 1994) , α2β1 (Choi et al., 1994) , α3β1 (Tomaselli et al., 1990; Choi et al., 1994) , α6β1 (De Curtis & Reichardt, 1993) and αvβ8 (Venstrom & Reichardt, 1995; Nishimura et al., 1998; McCarty et al., 2002) . In addition, neuronal expression of dystroglycan has also been reported (Smalheiser & Kim, 1995; Zaccaria et al., 2001) .
(e) Oligodendrocytes
Oligodendrocytes are glial cells responsible for the myelination of neurons in the CNS (Bradl & Lassmann, 2010) . Recently, a secretome analysis demonstrated that oligodendrocytes were able to synthesize various laminin chains, including α2, α4, α5, β1, β2, β3, γ 1 and γ 2 (Kim et al., 2014) , suggesting that these cells are able to generate most laminin isoforms. The exact laminin isoforms synthesized by oligodendrocytes, however, remain unknown.
Integrin-β1 (Benninger et al., 2006) and -αv (Milner & Ffrench-Constant, 1994; Milner et al., 1997) as well as dystroglycan (Colognato et al., 2007; Leiton et al., 2015) have been identified in oligodendrocytes.
(f ) Microglia
Microglia are brain-resident immune cells that mediate immune responses in the CNS (Kettenmann et al., 2011) . Previous studies show that they exist in two states: a resting state characterized by ramified morphology and an activated state characterized by amoeboid morphology (Laskaris et al., 2016; Tam, Au & Ma, 2016) . Recently, bipolar/rod-shaped microglia, which play an important role in CNS repair, have been described (Wierzba-Bobrowicz et al., 2002; Ziebell et al., 2012; Taylor et al., 2014) . Although laminin-111 sustains the bipolar/rod morphology of microglia (Tam et al., 2016) , the exact laminin isoforms synthesized by microglia are unknown. Our unpublished data show that primary microglia express four out of five laminin α subunits (α2-α5), suggesting that they can synthesize most laminin isoforms.
Although many integrin receptors are expressed in microglia, only integrin-α6β1 (Milner & Campbell, 2002a) is able to interact with laminin.
V. FUNCTIONS OF LAMININS AND THEIR RECEPTORS
Thanks to the generation of various global/conditional knockout mouse lines, a diverse range of functions of laminins and their receptors have been identified. In this section, we discuss the functions of laminins and their receptors in CNS development, followed by their roles in BBB maintenance, neurodegeneration, stroke, and neuroinflammation. The CNS phenotypes of loss-of-function mutations on laminins and their receptors are summarized in Tables 4 and 5 , respectively.
(1) Laminins and their receptors in CNS development
Due to its widespread expression in embryonic brain, laminin has been speculated to regulate CNS development (Miner Barros, Franco & Müller, 2011) . Consistent with this hypothesis, laminin-111 has been found to regulate axonal guidance, cell migration, neurite extension, and synapse formation (Barros et al., 2011) . Genetic ablation of laminin-α1 (Miner et al., 2004; Alpy et al., 2005) or its LG4-5 (Schéele et al., 2005) , -β1 (Miner et al., 2004) , or -γ 1 (Smyth et al., 1998 (Smyth et al., , 1999 Miner et al., 2004) leads to embryonic lethality at E5.5-E6.5. Transgenic mice without the nidogen-binding site on laminin-γ 1 survive until birth and show neuronal ectopia Willem et al., 2002) . These loss-of-function studies suggest that laminin-111 plays an indispensable role in early embryogenesis. To overcome early embryonic lethality and enable investigation of its functions at later stages, various conditional knockout lines targeting laminin-α1 and -γ 1 were generated. Conditional knockout of laminin-α1 in epiblasts [SOX2 (sex determining region Y-box 2-Cre] reduces dendritic processes and affects the proliferation and migration of granule cell precursors, resulting in behavioural abnormalities and impaired cerebellum development (Ichikawa-Tomikawa et al., 2012) , suggesting a critical role of epiblast-derived laminin α1 in cerebellar development. Loss of laminin-γ 1 in forebrain excitatory neurons [CaMK2a (calcium/calmodulin-dependent protein kinase II alpha)-Cre] results in defects in neurite growth, neuronal migration and cortical development Chen et al., 2009) . Although mice deficient in laminin-γ 1 in neural progenitor cells (Nestin-Cre) are born at the expected Mendelian ratio, they develop BBB breakdown and intracerebral haemorrhage due to defects in mural cell differentiation and/or maturation (Chen et al., 2013; . Deletion of laminin-γ 1 in mural cells [PDGFRβ (platelet-derived growth factor receptor beta)-Cre] but not SMCs (Transgelin-Cre) leads to an incomplete penetrance of hydrocephalus and BBB breakdown in the C57Bl6-FVB mixed background (Gautam, Zhang & Yao, 2016) . Together, these findings suggest that γ 1-containing laminins exert multiple functions depending on their cellular source during CNS development. Similar to laminin-α1 mutants, deletion of laminin-α5 causes embryonic lethality but at a late stage (∼E17) (Miner, Cunningham & Sanes, 1998) . These laminin-α5 knockouts show defects in neural tube closure (exencephaly) (Miner et al., 1998) and neural crest cell migration (Coles et al., 2006) , in addition to abnormalities in kidney, placenta, lung and intestine (Miner et al., 1998; Miner & Li, 2000; Nguyen et al., 2005; Gao et al., 2008; Mahoney, Stappenbeck & Miner, 2008) . It should be noted that this CNS phenotype may be due to a direct effect of laminin-α5 in neural tube closure or caused indirectly by peripheral defects that result in death when neural tube closure occurs. In addition, loss of laminin-α2 results in myelination defects , Leiton et al., 2015 , BBB disruption (Menezes et al., 2014) , as well as apical process detachment and abnormal neocortex lamination (Loulier et al., 2009) , in addition to a well-characterized muscular dystrophy phenotype (Miyagoe et al., 1997; Kuang et al., 1998) , highlighting a critical role of laminin-α2 in brain development. Loss-of-function mutations on other laminin chains (α3, β2, β3, γ 2, and γ 3) cause phenotypes outside the CNS, and thus are not discussed here. For a systemic review of these defects/phenotypes, see Yao (2017) .
In accordance with the important roles of laminin in CNS development, various laminin receptors, including integrin-α3β1, -α6β1, -α7β1, -αvβ8 and dystroglycan, have been identified. It has been demonstrated that loss of integrin-β1 causes embryonic lethality at approximately E5.5 (Fassler et al., 1995; Stephens et al., 1995) , suggesting an indispensable role of integrin-β1 in early development. To overcome the early embryonic lethality, a variety of integrin-β1 conditional knockout lines have been generated. Abrogation of integrin-β1 in endothelial cells [Tie1/2 (tyrosine kinase with immunoglobulin-like and EGF-like domains 1/2)-Cre] affects vascular patterning and foetal growth, leading to embryonic death at E10.5-E11.5 (Carlson et al., 2008; Lei et al., 2008) , highlighting a pivotal role of endothelial integrin-β1 in vascular development. Deletion of integrin-β1 expression in neural progenitor cells (Nestin-Cre) disrupts the order of the cortical marginal zone, resulting in abnormal cortical organization (Graus-Porta et al., 2001) . Similarly, abrogation of integrin-β1 in excitatory neurons and glial cells [Emx1 (empty spiracles homeobox 1)-Cre] causes cortical lamination defects (Huang et al., 2006) . Consistent with these findings, disruption of integrin-β1 function in embryonic brain with blocking antibody leads to apical process detachment and layering defects in postnatal neocortex (Loulier et al., 2009) . These results strongly indicate that integrin-β1 plays a critical role in embryonic brain development. In contrast to these reports, however, cortical lamination defect is not observed in mice with integrin-β1 deficiency in glial cells [hGFAP (human glial fibrillary acidic protein)-Cre] (Robel et al., 2009) , neocortical and hippocampal neurons [NEX (neuronal helix-loop-helix protein)-Cre] (Robel et al., 2009) , or forebrain excitatory neurons (CaMK2a-Cre) (Huang et al., 2006) . This discrepancy may be explained by different specificity and expression/onset time of Cre drivers in the CNS.
Mice lacking integrin-α3 (Anton, Kreidberg & Rakic, 1999) , -α6 (Georges-Labouesse et al., 1998), or both -α3 and -α6 (De Arcangelis et al., 1999) demonstrate defective neural crest cell migration and aberrant laminar architecture of the cerebral cortex, suggesting critical roles of integrin-α3 and -α6 in CNS development. Similar defects were observed in interneuron-specific [Dlx5/6 (distal-less homeobox 5/6)-Cre] integrin-α3 knockout mice (Stanco et al., 2009) or in vitro when integrin-α3 was pharmacologically blocked with a monoclonal antibody (Anton et al., 1999) . These findings indicate that integrin-α3β1 and -α6β1 regulate neurogenesis and cerebral cortical lamination during CNS development.
There is evidence showing that integrin-αvβ8 also contributes to cerebrovascular maturation. Loss-of-function studies demonstrate that most integrin-αv −/− (Bader et al., 1998) 
or integrin-β8
−/− (Zhu et al., 2002) mice die at mid-gestation due to defects in vascular maturation, and the remaining mutants develop severe intracerebral haemorrhage and die shortly after birth. Conditional deletion of integrin-αv in neural progenitor cells (Nestin-Cre) and/or glial cells (hGFAP-Cre) (McCarty et al., 2005) or abrogation of integrin-β8 (Proctor et al., 2005) in neural progenitor cells (Nestin-Cre) leads to cerebral haemorrhage and neurological defects, suggesting a crucial role of integrin-αvβ8 in cerebrovascular maturation.
Controversial results have been reported on how integrin-α7 affects cerebrovascular development. In one integrin-α7 null line, cerebrovascular haemorrhage and partial embryonic lethality are detected (Flintoff-Dye et al., 2005) . These CNS defects, however, are absent in another integrin-α7 knockout line (Mayer et al., 1997) . The exact role of integrin-α7 needs further investigation.
Like integrin-β1 null mice, loss of dystroglycan results in disruption of Reichert's membrane and early embryonic lethality (∼E6.5) (Williamson et al., 1997) , highlighting a critical role of dystroglycan in early embryogenesis. Conditional knockout of dystroglycan in glial cells (hGFAP-Cre) leads to discontinuous pia, abnormal cortical lamination, fusion of cerebral hemispheres and cerebellar folia, aberrant migration of granule cells, and loss of aquaporin-4 expression and orthogonal arrays of particles Noell et al., 2011) . Consistent with these results, mutations in dystroglycan glycosyltransferases, enzymes required for dystroglycan function, result in neuronal ectopia in both mice (Grewal et al., 2001; Michele et al., 2002) and humans (Yoshida et al., 2001; Beltran-Valero de Bernabe et al., 2002) . These results suggest that dystroglycan is required for neurogenesis and cortical development.
(2) Laminins and their receptors in BBB integrity
The BBB is a dynamic structure mainly composed of BMECs, astrocytes, pericytes and the BM (Zlokovic, 2008; He et al., 2014; . By tightly regulating what enters the brain, the BBB functions to maintain homeostasis of the CNS (Ballabh, Braun & Nedergaard, 2004) . Consistent with this important role, BBB disruption is not only the consequence but also a cause of many neurological disorders (Zlokovic, 2008 (Zlokovic, , 2011 Weiss et al., 2009; Obermeier, Daneman & Ransohoff, 2013) . It is well known that BMECs, astrocytes and pericytes actively participate in the regulation of BBB integrity. Recent studies show that laminin, a major component of the BM, also contributes to BBB integrity. In this section, the effects of various laminin isoforms and their receptors on BBB integrity are discussed according to cell type.
(a) BMECs
Endothelial cells primarily produce laminin-411 and -511 (Sixt et al., 2001; Yousif et al., 2013; Di Russo et al., 2016) . To investigate their roles in BBB integrity, various laminin loss-of-function mutants have been generated and studied. It has been shown that laminin-α4 global knockout mice develop haemorrhage at embryonic and neonatal stages, suggesting a critical role of laminin-α4 in vascular integrity (Thyboll et al., 2002) . This haemorrhagic phenotype, however, is absent in adulthood and no BBB breakdown is detected in adult laminin-α4 −/− mice (Thyboll et al., 2002) , suggesting that other laminin isoforms may compensate for the loss of laminin-α4. Unlike laminin-α4, loss of laminin-α5 leads to embryonic lethality, preventing investigation of its role in vascular integrity in adulthood (Nguyen et al., 2002) . To enable such study, we generated an endothelium-specific conditional knockout mouse line by crossing laminin-α5 flox/flox mice with the Tie2-Cre transgenic line. Our unpublished result shows that these mutants have no gross defects or BBB breakdown under homeostatic conditions. Consistent with this observation, a similar result was reported by another group using a different endothelium-specific laminin-α5 conditional knockout line (Song et al., 2013 (Song et al., , 2017 . Although grossly normal under physiological conditions, these endothelial laminin-α5 mutants show phenotypes under pathological conditions. For instance, loss of laminin-α5 in endothelial cells led to increased leukocyte extravasation in cremaster muscle at 1.5 h after intrascrotal injection of 250 ng tissue necrosis factor-α (TNF-α) (Song et al., 2017) .
Laminin-α4
−/− mice, on the contrary, showed reduced leukocyte extravasation in the same condition (Song et al., 2017) . Similarly, in the experimental autoimmune encephalomyelitis (EAE) model of multiple sclerosis, T-lymphocyte infiltration into brain parenchyma was significantly decreased in laminin-α4 −/− mutants, which displayed ubiquitous expression of laminin-α5 along the vascular tree (Wu et al., 2009) , suggesting a negative role of laminin-α5 in T-lymphocyte extravasation across the BBB. Consistent with these reports, laminin-511 enhanced vascular integrity under hypoxic and/or inflammatory conditions in in vitro BBB models (Kangwantas, Pinteaux & Penny, 2016; Song et al., 2017) . Altogether, these results suggest that laminin-α4 and -α5 exert different functions to maintain BBB integrity. It would be interesting to see how BBB integrity is affected when both laminin-α4 and -α5 are abrogated in endothelial cells.
Integrin-β1 is found in almost all integrin heterodimers expressed in endothelial cells. It has been reported that global knockout of integrin-β1 leads to early embryonic lethality (E5.5) (Fassler et al., 1995; Stephens et al., 1995) . Similar to global integrin-β1 null mice, endothelium-specific knockout (Tie2-Cre and Tie1-Cre) of integrin-β1 results in embryonic lethality at a later stage (E10.5-E11.5) (Carlson et al., 2008; Lei et al., 2008) , suggesting an indispensable role of endothelial integrin-β1 in embryonic development. In addition, pharmacological inhibition of integrin-β1 function with blocking antibody (clone Ha2/5) disrupts vascular integrity both in vitro in a co-culture BBB model and in vivo after stereotaxic injection (Osada et al., 2011) , suggesting a critical role of endothelial integrin-β1 in the maintenance of BBB integrity. Interestingly, endothelium-specific (Tie2-Cre) ablation of integrin-α6 (Bouvard et al., 2012) or -β4 (Welser-Alves et al., 2013; Welser et al., 2017) leads to no gross abnormalities under homeostatic conditions, suggesting that none of these integrin subunits are required for the maintenance of BBB integrity. In agreement with the negligible level of integrin-αvβ8 in endothelial cells under physiological conditions, endothelium-specific deletion of either subunit fails to affect BBB integrity (McCarty et al., 2005; Proctor et al., 2005) . Currently, endothelium-specific ablation of integrin-α3 or dystroglycan is unavailable. Generation of these mutants will help answer whether endothelial expression of integrin-α3 and/or dystroglycan contributes to BBB integrity.
(b) Astrocytes
Astrocytes predominantly synthesize laminin-211 (Hallmann et al., 2005; Di Russo et al., 2016; Hannocks et al., 2017) . Various laminin mutant mouse lines have been used to investigate its function in BBB integrity. Mice with global knockout of laminin-α2 are viable, although with a shorter lifespan (Miyagoe et al., 1997; Kuang et al., 1998) . In addition to the well-characterized muscular dystrophy phenotype (Miyagoe et al., 1997; Kuang et al., 1998) , these laminin-α2 knockout mice show BBB disruption (Menezes et al., 2014) , suggesting a crucial role of laminin-α2 in BBB permeability. Consistent with this study, we find that ablation of laminin-γ 1 from neural progenitor cells (Nestin-Cre) but not forebrain excitatory neurons (CaMK2a-Cre) results in age-dependent BBB breakdown and intracerebral haemorrhage (Chen et al., 2013; , again suggesting an important role of glial laminin in vascular integrity. We further show that astrocytic laminin maintains BBB integrity by inhibiting pericyte differentiation from the resting stage to the contractile stage . Interestingly, recombinant laminin-111 alone can reverse pericyte differentiation in vitro , suggesting that laminin-111 can compensate for the loss of laminin-211. Altogether, these findings strongly indicate that astrocytic laminin actively participates in the regulation of BBB integrity.
Although integrin-β1 is highly expressed in astrocytes (del Zoppo Paulus et al., 1993; Tawil et al., 1993) , ablation of integrin-β1 in glial cells (hGFAP-Cre) does not affect BBB permeability and leads to no obvious abnormalities (Robel et al., 2009) , suggesting a dispensable role of astrocytic integrin-β1 in BBB formation and maintenance. In addition, mice deficient for integrin-α1 (Gardner et al., 1996) , -α2 , -α3 (Anton et al., 1999 ) or -α6 (Georges-Labouesse et al., 1998 show no BBB disruption, suggesting that astrocytic expression of integrin-α1β1, -α2β1, -α3β1 and -α6β1 is not essential for BBB integrity. Like integrin-α6 (Georges-Labouesse et al., 1996 , knockout of integrin-β4 leads to neonatal lethality with intact BBB integrity (van der Neut et al., 1996) , suggesting that integrin-α6β4 plays a minimal role in BBB integrity at embryonic/perinatal stages. Since astrocyte maturation occurs after birth (Bushong et al., 2002; Ogata & Kosaka, 2002) , it is possible that astrocytic expression of integrin-α6β4 may regulate BBB integrity at the postnatal stage. Conditional knockout mice with astrocyte-specific deletion of integrin-α6 and/or -β4 will help answer this question.
Unlike integrin-β1, ablation of integrin-β8 or -αv in glia compromises vascular integrity. It has been shown that mice lacking integrin-β8 in neural progenitor cells (Nestin-Cre), which generate neurons and glial cells, show vascular deficit and cerebral haemorrhage in embryonic and perinatal stages, whereas mice lacking integrin-β8 in neurons only (NEX-Cre) have intact BBB integrity (Proctor et al., 2005) . Similarly, cerebral haemorrhage is found in mice deficient in integrin-αv in neural progenitor cells (Nestin-Cre) or glial cells (hGFAP-Cre) (McCarty et al., 2005) . These results suggest that glial expression of integrin-αvβ8 is critical for vascular integrity. Further mechanistic study demonstrates that glial integrin-αvβ8 regulates endothelial differentiation and vessel stabilization/homeostasis through transforming growth factor-β (Cambier et al., 2005) .
Consistent with its restricted expression in astrocytic endfeet (Tian et al., 1996; Agrawal et al., 2006; del Zoppo & Milner, 2006; Milner et al., 2008b) , dystroglycan has been shown to anchor astrocytic endfeet to parenchymal BM via interacting with laminin-α2 (Talts et al., 1999; Agrawal et al., 2006) . Loss-of-function studies, however, revealed controversial results on whether glial expression of dystroglycan is required for BBB maintenance. In one study, conditional deletion of dystroglycan in neural progenitor cells (Nestin-Cre) leads to BBB disruption (Menezes et al., 2014) . By contrast, no signs of BBB breakdown were observed in mice deficient for dystroglycan in glial cells (hGFAP-Cre), although the formation of orthogonal arrays of particles and expression of aquaporin-4 are affected Noell et al., 2011) . The exact role of glial dystroglycan in BBB integrity needs further investigation.
(c) Pericytes
Pericytes primarily make α4-/α5-and γ 1-containing laminin isoforms (Stratman et al., 2009) . To investigate if pericyte-derived laminins contribute to BBB integrity, we generated a conditional knockout mouse line (termed PKO hereafter) by crossing laminin-γ 1 flox/flox mice with the PDGFRβ-Cre transgenic line (Gautam et al., 2016) . Ablation of laminin-γ 1 leads to intracellular degradation of α and β subunits (Yu et al., 2005) , and thus loss of both laminin-α4 and -α5 in pericytes. In the C57Bl6-FVB mixed genetic background, a small percentage (∼11%) of the PKO mice showed hydrocephalus and BBB breakdown, whereas neither symptom was found in the remaining 89% of the mutants (Gautam et al., 2016) . Since hydrocephalus itself can induce BBB disruption, we are unable to determine whether BBB disruption is due to loss of pericytic laminins or secondary to hydrocephalus. By crossing the PKO mice into pure C57Bl6 background, we successfully eliminated the hydrocephalic phenotype. Our unpublished data show that these mutants develop mild BBB breakdown at old but not young ages, suggesting an age-dependent role of pericytic laminins in BBB integrity. It should be noted that the PDGFRβ promoter is not pericyte-specific: it targets mural cells (both pericytes and SMCs) (Foo et al., 2006; Gautam et al., 2016) . To distinguish pericyte-and SMC-derived laminins, we generated a SMC-specific conditional knockout line (termed SKO hereafter) by crossing laminin-γ 1 flox/flox mice with the Transgelin-Cre line (Yao, Norris & Strickland, 2015) . Driven by the Transgelin promoter, Cre is specifically activated in SMCs but not pericytes (Holtwick et al., 2002; Miano et al., 2004; Lepore et al., 2005) . Neither hydrocephalus nor BBB disruption was found in SKO mice independent of their age (Gautam et al., 2016) , suggesting that SMC-derived laminins are dispensable for BBB integrity. Together, these results suggest that pericytic laminins also contribute to the maintenance of BBB integrity, although to a lesser extent compared to astrocytic laminins.
Loss-of-function studies demonstrate that pericytic expression of integrins also contributes to the maintenance of vascular integrity. For example, abrogation of integrin-β1 in mural cells (PDGFRβ-Cre) alters the morphology and spreading/coverage of both pericytes and SMCs, resulting in compromised vascular integrity and formation of aneurysms (Abraham et al., 2008) . Ablation of integrin-β1 in SMCs (Transgelin-Cre) affects the maintenance of SMC phenotype and assembly of blood vessel wall, resulting in interrupted aortic arch and aneurysms (Turlo et al., 2012) . These findings strongly indicate that pericytic and SMC expression of integrin-β1 is important for capillary and large vessel integrity, respectively. Using primary brain pericytes, we have shown that knockdown of integrin-α2 induces pericyte differentiation from the resting stage to the contractile stage , which converts their function from BBB protection to BBB disruption. This finding suggests that integrin-α2, by binding to astrocytic laminin, mediates pericyte differentiation and regulates BBB integrity. Additionally, although mice deficient for integrin-α6 in mural cells (PDGFRβ-Cre) are grossly normal under physiological conditions, blood vessel leakage is enhanced in tumours from these mutants (Reynolds et al., 2017) , suggesting that mural cell expression of integrin-α6 regulates vascular integrity in pathological rather than physiological conditions. Furthermore, knockout of integrin-α7 shows an inconsistent phenotype. Specifically, embryonic cerebrovascular haemorrhages and diminished mural cells/vascularization are detected in one of the two integrin-α7 knockout lines (Mayer et al., 1997; Flintoff-Dye et al., 2005) , suggesting that this CNS phenotype is probably caused by non-CNS defects indirectly. Generation of conditional knockout mice with pericyte-specific loss of integrin-α1, -α2, -α3 and/or -α7 will help elucidate the roles of pericytic integrins in vascular integrity.
(d) Other cells
In addition to cells described above, neurons, oligodendrocytes and microglia also synthesize various laminin isoforms and their receptors. However, since these cells do not directly contribute to the formation of the BBB (Fig. 2) , it is hypothesized that laminins and their receptors from these cells exert minimal roles on BBB integrity. Consistent with this hypothesis, ablation of laminin-γ 1 expression in forebrain excitatory neurons (CaMK2a-Cre) fails to affect BBB integrity . In addition, neuronal loss of integrin-β8 (NEX-Cre) (Proctor et al., 2005) or -β1 (NEX-Cre) (Robel et al., 2009) does not affect BBB integrity, suggesting that neuronal expression of γ 1-containing laminins and β1-or β8-containing integrins is not required for the maintenance of BBB integrity. Similarly, no BBB disruption is observed in oligodendrocyte-specific [CNP (2,3-cyclic nucleotide 3 phosphodiesterase)-Cre] knockout of integrin-β1 (Benninger et al., 2006) , suggesting that integrin-β1 expression in oligodendrocytes has a negligible role in BBB integrity. Mice with oligodendrocyte-specific loss of laminins and/or other integrin subunits are currently unavailable. In addition, there are no microglia-specific knockouts of laminins or their receptors to date. Future work should focus on generating these mutants.
(3) Laminins and their receptors in neurodegeneration
Laminins negatively regulate excitotoxicity, which contributes to neurodegeneration. Since excitotoxic injury increases plasmin activity, which degrades laminin-511 (Chen & Strickland, 1997; , it is hypothesized that laminin-511 may be crucial for the survival of hippocampal neurons. Consistent with this hypothesis, conditional deletion of laminin-α5 in neurons (NEX-Cre) leads to age-dependent loss of synapses and behavioural defects (Omar et al., 2017) . Ablation of laminin-γ 1 using antisense oligodeoxynucleotides also severely compromises axonal regeneration in hippocampal slices (Grimpe et al., 2002) . In addition, a KDI (lysine-aspartic acid-isoleucine) tripeptide derived from laminin-γ 1 promotes functional regeneration after spinal cord injury, preventing excitotoxicity-induced neuronal death (Wiksten et al., 2004; Möykkynen et al., 2005) . In accordance with these in vivo and ex vivo studies, exogenous laminins from both rat and mouse tissues promote neurite outgrowth, adhesion, migration and survival in vitro (Manthorpe et al., 1983; Lein, Banker & Higgins, 1992) . These results suggest that α5-and γ 1-containing laminins inhibit excitotoxic injury.
There is also evidence showing that laminins are involved in the pathogenesis of neurodegenerative disorders. First, significantly higher levels of laminin-α1 and -γ 1 are detected in the frontal cortex of Alzheimer's disease (AD) patients (Palu & Liesi, 2002) , and laminin immunoreactivity predominantly co-localizes with Aβ plaques in AD brains (Perlmutter et al., 1991; Brandan & Inestrosa, 1993) . Next, Engelbreth-Holm-Swarm tumor-derived laminin (mainly laminin-111) has been shown to disaggregate both Aβ40 and Aβ42 peptides and block their further polymerization (Bronfman et al., 1998; Castillo et al., 2000; Morgan et al., 2002) . Third, there are studies showing that laminins also participate in the elimination of Aβ40 from brain parenchyma through perivascular drainage (Hawkes et al., 2012; Zekonyte et al., 2016) . Furthermore, small peptides from laminin-α1 and the KDI tripeptide from laminin-γ 1 have been shown to reduce neurotoxicity (Liesi, 2009 ) and enhance dopaminergic neuron survival (Väänänen et al., 2006) , respectively. These results suggest a neuroprotective role of laminins in neurodegeneration. In sharp contrast to these reports, one study reported that laminin-β1 impaired spatial learning through inhibition of MAPK/ERK and serum and glucocorticoid-regulated kinase 1 (SGK1) signalling (Yang et al., 2011) , suggesting a detrimental role of laminin-β1 in neurodegeneration. This discrepancy may be explained by different experimental models and/or different functions of distinct laminin isoforms. Further studies should focus on addressing the biological functions of each individual laminin isoform/subunit in neurodegeneration.
Integrins are widely expressed in the CNS and play important roles in neurodegeneration. It has been shown that ablation of integrin-β1 in excitatory neurons and glial cells (Emx1-Cre) results in defects in synaptic responses to high-frequency stimulus and long-term potentiation (LTP) (Huang et al., 2006) . A similar phenotype, including abnormal synaptic transmission and diminished LTP, is also observed in mice deficient for integrin-β1 in forebrain excitatory neurons (CaMK2a-Cre) (Chan et al., 2006; Huang et al., 2006) . In addition, these neuronal (CaMK2a-Cre) integrin-β1 knockout mice also show impaired working memory, although hippocampus-dependent spatial learning and fear memory are normal (Chan et al., 2006) . Together, these findings suggest that neuronal expression of integrin-β1 plays critical roles in synaptic maturation and neurodegeneration. Similar to integrin-β1 mutants, mice triple heterozygous for integrin-α3, -α5 and -α8 are defective in paired-pulse facilitation, LTP and spatial memory (Chan et al., 2003) , suggesting that integrin-α3β1, -α5β1 and -α8β1 may function to regulate synaptic plasticity/maturation, neuronal stabilization and memory. Consistent with these reports, integrin-α3β1, by interacting with laminin-α5, has been shown to contribute to dendritic spine density and animal behaviour (Omar et al., 2017) . The roles of other integrins in neurodegeneration are largely unknown.
(4) Laminins and their receptors in stroke
Stroke is the fifth leading cause of death and a leading cause of disability in the US (Mozaffarian et al., 2016) . It is broadly categorized into ischaemic stroke and haemorrhagic stroke based on the type of injury (occlusion versus rupture of blood vessels). As a major component of the BM (Ballabh et al., 2004; Frantz et al., 2010) , laminin is involved in the pathogenesis of both types of stroke. In this section, we summarize the functions of laminins and their receptors in ischaemic stroke and haemorrhagic stroke.
(a) Ischaemic stroke
Although there are many studies on laminin expression during ischaemia, controversial results are observed. On one hand, reduced expression of laminins has been found in ischaemic stroke. For example, laminin levels showed a gradual and continuous decrease after ischaemia-reperfusion in baboons (Papio anubis/cynocephalus) Fukuda et al., 2004) . A similar result was observed in Mongolian gerbils (Meriones unguiculatus) up to 3 days of reperfusion after ischaemia (Zalewska et al., 2003) and in stroke patients (Horstmann et al., 2003) . Given that many proteases are up-regulated in ischaemic stroke (Lukes et al., 1999; Fukuda et al., 2004) , it is hypothesized that these proteases may be responsible for the loss of laminins. On the other hand, increased expression of laminins has also been reported after ischaemia-reperfusion. For instance, dramatically up-regulated laminin expression was observed in ischaemic core in the first 24 h after ischaemia (Liesi et al., 1984; Jucker et al., 1993) . Reactive astrocytes have been shown to express laminins 48-72 h after ischaemia (Jucker et al., 1993) . In addition, there is evidence showing that permanent middle cerebral artery occlusion induces up-regulation of laminins in mouse brain in a cyclooxygenase-2-dependent manner (Ji & Tsirka, 2012) . These contradictory results may be due to differences in animal models and time points.
Since most of these reports are correlation studies, the functional significance of laminins in ischaemia remains largely unclear. A previous study showed that a small peptide derived from the N-terminus of laminin-α1 chain reduced infarct area and improved neurological outcomes in cerebral ischaemia (Yanaka et al., 1997) , suggesting a neuroprotective function of laminins in ischaemic stroke. Laminin loss-of-function studies and laminin conditional knockout mice will be useful in determining the causative relationship between laminin loss and ischaemic stroke, and in answering whether laminin plays a beneficial or detrimental role in ischaemic stroke. Future research should focus on generating such mutants and addressing these important questions.
Like laminin, disputable results exist for the expression of integrins and dystroglycan during ischaemic stroke. On one hand, there is evidence showing that integrins and dystroglycan are diminished after ischaemic stroke. For example, reduced expression of integrin-α6β4 and dystroglycan was noticed in astrocytic endfeet within a few hours after focal ischaemia (Wagner et al., 1997; Tagaya et al., 2001; Milner et al., 2008b) . In addition, rapid loss of integrin-β1 in BMECs and astrocytes was also found after ischaemia (Tagaya et al., 2001) . These changes induce astrocytic endfeet swelling and detachment from the BM and impair microvascular integrity, resulting in cerebral oedema and neuronal injury (Wagner et al., 1997; Tagaya et al., 2001; Milner et al., 2008a Milner et al., , 2008b . On the other hand, there are reports showing up-regulation of integrins after ischaemic stroke. For example, increased expression of integrin-β1 (Lathia et al., 2010; Boroujerdi et al., 2012; Li et al., 2012a) and -αv Abumiya et al., 1999; Li et al., 2012a) in blood vessels was found after ischaemic stroke. The increased expression of integrins and dystroglycan is believed to modulate angiogenesis and promote recovery. Consistent with this speculation, integrin-β1 signalling has been shown to promote neuronal migration along vascular scaffold in post-stroke brain, contributing to regeneration (Fujioka et al., 2017) . Recently, genetic variants in integrin-α2 have been found to be associated with an increased risk for ischaemic stroke (Matarin et al., 2008) , suggesting a possible role of integrin-α2 in stroke pathogenesis. How exactly integrin-α2 contributes to the pathogenesis of ischaemic stroke, however, remains unknown.
(b) Haemorrhagic stroke
Loss of laminins is consistently observed in haemorrhagic stroke. It has been shown that laminin expression is reduced in rats 24-72 h after subarachnoid haemorrhage (Scholler et al., 2007) , and in haemorrhagic regions compared to non-haemorrhagic areas in ischaemic brains . In addition, loss of laminin-α4 results in embryonic/perinatal intracerebral haemorrhage (Thyboll et al., 2002) , suggesting an important role of laminin-α4 in vascular integrity at these developmental stages. Using conditional knockout technique, we have demonstrated that: (i) loss of neural progenitor cell-derived (Nestin-Cre) but not forebrain excitatory neuron-derived (CaMK2a-Cre) laminins leads to BBB disruption and intracerebral haemorrhage in an age-dependent manner (Chen et al., 2013; ; and (ii) loss of pericytic (PDGFRβ-Cre) but not SMC-derived (Transgelin-Cre) laminins results in micro-haemorrhage and hydrocephalus in a mixed genetic background (Gautam et al., 2016) . It is worth noting that there is incomplete penetrance of these phenotypes in these mutants (Gautam et al., 2016) . Together, these data suggest a causative role of loss of laminins in haemorrhagic stroke.
Like laminins, loss of certain integrins is associated with haemorrhagic stroke. For example, genetic ablation of either integrin-αv or -β8 leads to defective vascularization and cerebral hemorrhage (Bader et al., 1998; Zhu et al., 2002) , suggesting a crucial role of integrin-αvβ8 in the pathogenesis of haemorrhagic stroke. To determine the cellular source of integrin-αvβ8, various conditional knockout mouse lines have been generated. It has been shown that deletion of integrin-αv in neural progenitor cells (Nestin-Cre) or glial cells (hGFAP-Cre), but not endothelial cells (Tie2-Cre), results in haemorrhagic stroke (McCarty et al., 2005) . Similarly, ablation of integrin-β8 in neural progenitor cells (Nestin-Cre), but not neurons (NEX-Cre) or endothelial cells (Tie2-Cre), leads to haemorrhagic stroke (Proctor et al., 2005) . These studies suggest that loss of integrin-αvβ8 in glial cells plays a causative role in haemorrhagic stroke.
(5) Laminins and their receptors in neuroinflammation
One important hallmark of neuroinflammation is the infiltration of leukocytes into brain parenchyma. Located at the interface of the circulation system and the CNS, laminins are well positioned to regulate inflammatory cell infiltration. Controversial results, however, have been reported on the effects of laminins in inflammatory cell extravasation. On one hand, laminins have been shown to mediate the adhesion of polymorphonuclear leukocytes (Bryant et al., 1987; Suchard, 1993) and microglia (Milner & Campbell, 2002a) , and facilitate their infiltration/migration, suggesting a pro-extravasation effect. On the other hand, an anti-extravasation effect of laminins has also been observed. For example, degradation of laminins correlates with increased inflammatory cell extravasation in stroke brains (Del Zoppo, Von Kummer & Hamann, 1998; Horstmann et al., 2003) . Consistent with these reports, a small peptide from the C-terminus of murine laminin-α1 chain inhibits leukocyte accumulation in rat brain after ischaemic injury (Yanaka et al., 1997) . This discrepancy may be explained by the fact that different laminin isoforms have distinct functions. It has been shown that T-lymphocyte extravasation correlates with sites expressing high level of laminin-α4 and low level of laminin-α5 in EAE (Wu et al., 2009) , an autoimmune disease characterized by neuroinflammation (McQualter & Bernard, 2007) . In laminin-α4 null mice, which demonstrated ubiquitous expression of laminin-α5 along the vascular tree, significantly reduced T-lymphocyte infiltration was observed in EAE (Wu et al., 2009) , suggesting opposite roles of laminin-α4 and -α5 in T-lymphocyte extravasation. Consistent with these findings, transmigration of inflammatory leukocytes predominantly occurs in laminin-α5 low and/or laminin-α4 high regions Voisin, Probstl & Nourshargh, 2010; Warren et al., 2014) . These results suggest that laminin-α4 promotes while laminin-α5 inhibits inflammatory cell infiltration into brain parenchyma.
Integrin-α6β1 is a major laminin receptor involved in neuroinflammation. It has been shown that, by interacting with laminin-α4, integrin-α6β1 modulates the transmigration of lymphocytes across the BBB in EAE (Wu et al., 2009) . This receptor also mediates the migration and entry of microglia to the injury site (Milner & Campbell, 2002a) . In addition, integrin-β1 has been found to regulate the directional process extension of microglia in the brain (Ohsawa et al., 2010) . The roles of other laminin receptors in neuroinflammation remain largely unknown.
VI. CHALLENGES AND FUTURE DIRECTIONS
With the advancement of genetic and biochemical techniques, significant progress has been made in laminin research. However, some key questions remain to be answered.
First, the expression profiles of laminins and their receptors in different cell types remain largely unknown. Previous studies have shown that different cells synthesize distinct laminin isoforms and integrins. Although laminin isoforms expressed by endothelial cells and astrocytes have been identified, the specific laminin subunits and integrin heterodimers made by other cells, including microglia, oligodendrocytes and neurons, are largely unknown. This information will allow us to obtain spatial distribution patterns of laminin isoforms and their receptors.
Second, the temporal expression profiles of laminins and their receptors are unclear. Due to their critical roles in cell adhesion and migration, the expression of laminin isoforms and their receptors is tightly regulated at different developmental stages. Knowing their temporal expression profiles will help us speculate on and understand their biological functions.
Third, the cell-type-specific functions of laminins and their receptors remain largely elusive. It has been shown that different cells synthesize distinct laminin isoforms, and the same integrin receptors are expressed in various cell types. This intrinsic complexity makes it difficult to study their functions. Using conditional knockout technique, we have started to elucidate their functions in a cell-type-specific manner. However, currently only a few conditional knockout mouse lines are available for a limited number of laminin/integrin subunits. Future studies should focus on generating conditional knockout mouse lines targeting most if not all laminin/integrin subunits in all major cell types. Understanding laminin/integrin functioning in a cell-type-specific manner will enable us to manipulate their functions more precisely, which may lead to much safer and more effective treatments.
Fourth, the functions of laminins and their receptors at specific developmental stages need further investigation. Genetic deletion of most laminin and/or integrin subunits results in embryonic lethality, suggesting that these subunits are indispensable for embryogenesis. The embryonic death prevents investigation of their functions at a later stage (e.g. in adulthood). Inducible knockout mouse lines, which allow ablation of target genes at a specific developmental stage, are useful in this case. Unfortunately, no such transgenic lines are currently available. Efforts should be made to generate such tools in future studies. It should be noted, however, that laminins have very long turnover rates, and thus may not be appropriate for this inducible knockout strategy. Therefore, integrins rather than laminins should be targeted when generating such inducible knockout mice.
VII. CONCLUSIONS
(1) Laminins and integrins have many isoforms and are expressed in a cell-type-specific and developmental-stage-specific manner in the CNS.
(2) Laminins, by binding to their receptors, exert a large variety of functions in both physiological and pathological conditions. Functional redundancy exists.
(3) Future studies should focus on the temporal expression profiles of laminins and their receptors in a cell-type-specific pattern, which will promote new ideas and hypotheses on the functional redundancy/compensation of laminins and their receptors.
(4) Future studies should also focus on generating innovative transgenic mouse models that enable loss-of-function studies in a cell-type-specific and developmental-stagespecific manner. These tools and studies will advance/ reshape the field by answering critical questions in the area and opening doors for new lines of research.
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